The pocket proteins pRB, p107 and p130 have established roles in regulating the cell cycle through the control of E2F activity. The pocket proteins regulate differentiation of a number of tissues in both cell cycle-dependent and -independent manners. Prior studies showed that mutation of p107 and p130 in the mouse leads to defects in cartilage development during endochondral ossification, the process by which long bones form. Despite evidence of a role for pRB in osteoblast differentiation, it is unknown whether it functions during cartilage development. Here, we show that mutation of Rb in the early mesenchyme of p107-mutant mice results in severe cartilage defects in the growth plates of long bones. This is attributable to inappropriate chondrocyte proliferation that persists after birth and leads to the formation of enchondromas in the growth plates as early as 8 weeks of age. Genetic crosses show that development of these tumorigenic lesions is E2f3 dependent. These results reveal an overlapping role for pRB and p107 in cartilage development, endochondral ossification and enchondroma formation that reflects their coordination of cell-cycle exit at appropriate developmental stages.
INTRODUCTION
The retinoblastoma protein, pRB, is a key tumor suppressor. Inheritance of a mutant copy of the human retinoblastoma gene, RB-1, leads to early onset retinoblastoma and increases the risk of osteosarcoma by 500-fold. 1 In addition, RB-1 is somatically mutated in 30% of human tumors and many other tumors carry mutations that deregulate pRB's upstream regulators and thereby disrupt pRB function. 2 The retinoblastoma gene (Rb) also acts as a tumor suppressor in mice, although Rb heterozygotes develop pituitary and thyroid tumors and not retinoblastoma. [3] [4] [5] Analyses of mouse models showed that pRB is essential for normal development. Germline Rb À / À embryos die in mid-gestation with a variety of abnormalities. [3] [4] [5] Some of these defects result indirectly from placental deficiency. 6 The presence of a wild-type placenta extends the lifespan of Rb-deficient embryos to birth, but these still display ectopic proliferation in the lens, central nervous system and peripheral nervous system and also defective erythrocyte maturation and myogenesis. [7] [8] [9] [10] [11] Many, but not all, of these Rb mutant defects reflect pRB's role in suppressing cell proliferation through regulation of the E2F transcription factors. [12] [13] [14] [15] [16] pRB is a member of the pocket protein family, which includes p107 and p130. p107 and p130 also regulate E2F and cellular proliferation, 17 and they can act as tumor suppressors in certain Rb-mutant mouse tissues. For example, chimeras generated with Rb À / À ;p107 À / À or Rb À / À ;p130 À / À embryonic stem cells develop retinoblastoma and Rb þ / À ;p107 À / À chimeras develop osteosarcomas and other tumor types. 18 The three pocket proteins also have important, overlapping roles in normal development. Mutation of p107 in the context of Rb mutation exacerbates many of the Rb mutant phenotypes and also elicits novel defects. [19] [20] [21] Combined germline loss of p107 and p130 causes shorter long bones and reduced endochondral ossification, due to inappropriate proliferation of chondrocytes in the long bone epiphyses. 22, 23 Interestingly, the activating E2Fs have been independently associated with normal growth plate development; E2F1 overexpression inhibits hypertrophic chondrocyte differentiation resulting in shorter long bones, 24 and the combined deletion of E2f1 and E2f3a yields disorganized growth plates and abnormal chondrocytes. 25, 26 Rb mutation has been shown to impair bone differentiation in vivo and in vitro; [27] [28] [29] [30] however, its role in cartilage and bone growth plate development has not been explored. Here, we show that combined mutation of Rb and p107 in the early mesenchyme causes a defect in cartilage development that yields severe long bone abnormalities and the development of enchondromas, a benign cartilage lesion.
RESULTS

Mesenchymal deficiency of
Rb and p107 causes decreased viability and growth plate abnormalities To determine whether pRB and p107 function together in the growing skeleton, we used the Prx1-Cre transgene 31 to conditionally mutate Rb in early mesenchymal cells of the developing limb bud in the absence or presence of p107 mutation. By intercrossing Rb þ /c ;p107 þ / À ;Prx1-Cre and Rb c/c ; p107 À / À mice, we generated the following test genotypes:
and Rb c/c ; p107 À / À ;Prx1-Cre (DKO). We found that the DKOs were clearly underrepresented at 3 weeks of age (Table 1) and thus screened for the presence of these animals at 0, 1, 2 and 3 days after birth and also at embryonic day (e) 15.5, 17.5 and 18.5. The DKOs arose at the expected Mendelian frequency before birth, but were underrepresented at all perinatal stages (Table 1 , data not shown). Thus, deletion of Rb and p107 in the mesenchyme of the developing limb bud reduces perinatal viability.
To determine the cause of lethality, we screened e17.5 DKO embryos from five litters for mesenchymal defects. We began by staining embryos with Alizarin Red and Alcian Blue to detect calcified bone and cartilage, respectively. The cranial and other skull bones, which develop through a cartilage-independent process called intramembraneous ossification, showed no morphological abnormalities (data not shown). In contrast, we found striking defects in the DKO limbs that were absent from control and Rb KO littermates and present in a much more subtle form in a subset of p107 KO littermates. Overall limb length, and also the length of ossified regions, was reduced in DKO compared with control embryos, and the cartilaginous regions were widened ( Figure 1a) . The DKO sternebrae and xiphoid processes were also underossified and abnormally wide (Figure 1b) . Notably, the affected bones all form through endochondral ossification in which formation of a cartilage template precedes bone deposition and mineralization. This, and the lack of any defect in intramembraneous ossification, implicates an underlying abnormality in cartilage and not bone formation. This occurs even though Prx1-Cre is expressed in a wide array of adult mesenchymal tissues including chondrocyte and osteoblast lineages (Supplementary Figure S1 ) and we see efficient loss of pRB expression in Rb KO osteoblasts (Supplementary Figure S2) .
To assess chondrocyte differentiation, we examined histological sections from e17.5 long bones. At this time point, the growth plates contain three different chondrocyte zones that represent distinct differentiation states; resting chondrocytes reside at the epiphysis or 'head' of the bone, followed by proliferating chondrocytes that appear oblong and form stacks, and then terminally differentiated hypertrophic chondrocytes that are large cells comprised mostly of cytoplasm and bearing electron-lucent nuclei. The nascent bone collar develops around these hypertrophic chondrocytes. Hematoxylin & eosin (H&E) staining confirmed the presence of bone defects, and particularly chondrocyte defects, in the long bones of e17.5 DKOs. The femurs (data not shown) and humerii of DKO limbs were shorter, wider, and abnormally shaped, compared with those of control littermates (Figures 1c-f) . Moreover, the proliferative and hypertrophic zones (HZ) of chondrocytes were both greatly expanded and highly disorganized in DKO limbs. Despite the abnormal shape and organization of the DKO HZ, H&E and Alizarin Red staining of humoral sections showed that bone collar formation (Figure 1f ), and ossification (Supplementary Figure S3) occurred appropriately. Skeletal muscle surrounding the long bones was also histologically normal (data not shown) despite efficient deletion of Rb. Thus, we conclude that the combined deletion of Rb and p107 in mesenchymal precursors specifically disrupts chondrocyte differentiation, and thus endochondral ossification.
Embryonic long bone defects are due to inappropriate chondrocyte proliferation Given the known roles of pRB and p107 in cell-cycle control, we wished to determine whether the DKO chondrocyte defect was associated with inappropriate proliferation. Thus, we injected pregnant females with 5-bromo-2 0 -deoxyuridine (BrdU) and 2 h later collected e17.5 and e18.5 embryos. The percentage of BrdUpositive chondrocytes in the proliferative zone of long bone growth plates was significantly higher in DKO versus other littermates at both e17.5 ( Figure 2a ) and e18.5 (data not shown). Moreover, many DKOs had a sizable percentage of BrdU-positive cells within the terminally differentiated HZ, which never occurred in the other genotypes (Figure 2b ). Thus, we conclude that loss of pRB and p107 causes ectopic proliferation of the chondrocytes and disrupts the normal coupling between cell-cycle exit and terminal differentiation.
To further probe this deregulation, we conducted qRT-PCR analysis of mRNA harvested from e18.5 primary chondrocytes. Consistent with the increased proliferation of growth plate chondrocytes, we observed a significant increase in the mRNA levels of the E2F target genes E2f1 and Cyclin E, in DKO versus control littermates (Figure 2c ). Cyclin A mRNA was also increased, although not significantly ( Figure 2c ). This strongly suggests that derepression of E2F target genes and consequent ectopic proliferation contributes to the chondrocyte and cartilage defects of the embryonic DKO growth plates. We also screened these mRNA samples for expression levels of chondrocyte differentiation regulators. Ihh and PTHrP showed a high degree of variability between litters, precluding conclusions about their potential contribution (data not shown). In contrast, we found that Sox9 mRNA, an early marker of chondrocyte differentiation, was significantly upregulated in the DKO chondrocytes ( Figure 2c ). This upregulation could result from the increased levels of proliferative chondrocytes in the DKO growth plates ( Figure 2a ) and/or a block in differentiation. To assess the latter possibility, we stained embryonic limb sections for collagen X, a marker of terminally differentiated hypertrophic chondrocytes. 32 Collagen X was expressed exclusively in cells with hypertrophic chondrocyte morphology in both the control and DKO embryos (data not shown). The only difference was that the HZ was greatly expanded in the DKOs (Figure 2d ). These data suggest that the growth plate abnormalities of DKO long bones and sternum are caused by increased cell cycling rates of the chondrocytes during the proliferative stage and an impaired ability to exit the cell cycle at hypertrophic stage, rather than a specific defect in the differentiation program.
Surviving DKO animals develop growth plate enchondromas by 8 weeks of age Despite their skeletal abnormalities, a small number of DKOs survived to adulthood. Since most DKOs die between e18.5 and P1 (Table 1) , we presume that these survivors represent animals with a weaker phenotype, likely because of variations in genetic background. To determine whether these adult DKOs develop other pathologies, we established an aging cohort of at least 10 control, p107 KO, Rb KO and DKO animals. We found that the surviving DKOs had a significantly shorter life span than all other genotypes ( Table 2 ). This lethality was primarily due to the pRB and p107 regulate cartilage development AS Landman et al development of abdominal masses around 6 months of age that were gender specific. Female DKOs developed leiomyosarcomas, a tumor that derives from the smooth muscle of the uterus, a mesenchymal tissue. 33 In contrast, the males developed preputial gland adenomas. PCR analysis confirmed that Cre-mediated recombination of Rb had occurred in these tumors (data not shown) despite their epithelial origin.
Importantly, our analysis of these X6-month-old DKOs showed that they possess defects in the humerii and femurs that were more pronounced than those of the embryonic DKOs. First, the long bones were both highly misshapen and markedly thicker and shorter than those of controls, as illustrated by micro-computerized tomography of 6-month-old littermate femurs (three animals analyzed/genotype; Figure 3a) . Second, histological analysis revealed that the adult long bone growth plates of all DKOs, and 40% of Rb c/c ;p107 þ / À ;Prx1-Cre mice, developed chondrones, an osteoarthritic-like cartilage abnormality characterized by circular clusters of chondrocytes (Table 2 ; Figure 3b , data not shown). By 6 months of age, and only in the DKOs, these lesions had progressed to yield benign cartilage tumors called enchondromas (Table 2 ; Figure 3b ). These lesions closely resembled human enchondromas 34, 35 in that they were predominantly comprised of non-hypertrophic chondrocytes with dense nuclei, but also contained smaller regions of hypertrophic chondrocytes that stained positive for collagen X expression (Figure 3c ). The enchondromas were surrounded by abnormal cartilage matrix (Figure 3b) . Finally, like their human counterparts, these tumors were largely non-proliferative as judged by analysis of the expression of Ki67, a direct E2F target, and also BrdU incorporation (Supplementary Figure S4 and data not shown). The absence of proliferative cells within the enchondromas of 6-month-old animals suggests that these lesions formed at earlier time points. In normal development, murine growth plates continue to proliferate until B8 weeks of age, when mice reach sexual maturity, analogous to the development of human growth plates. 36 Micro-computerized tomography analysis showed that 4-and 8-week-old DKO femurs displayed severe morphological defects, including reduced bone length and expanded bone width, that were more pronounced than those of DKO embryos, and similar to those of 6-month-old DKOs (Figure 3a) . Thus, we conducted careful histological analysis of 4 and 8 week time points. At 4 weeks, DKOs had greatly expanded cartilage regions in both the proximal epiphysis of the humerus (Supplementary Figure S5A) and the distal epiphysis of the femur (data not shown). The DKO growth plates were highly disorganized and contained chondrocytes with pleiomorphic morphologies. Moreover, the DKO articular cartilage regions were expanded with disorganized chondrocytes. We also observed a higher level of proliferation in growth plates of DKO versus control littermates, and proliferating cells were present in disorganized regions of the DKO growth plate expressing the terminal differentiation marker collagen X (Supplementary Figure S5B and C) . This spectrum of bone defects was similar to, but more pronounced, than those of DKO embryos.
By 8 weeks, the growth plate and articular cartilage regions were further expanded in DKO versus control littermates (Supplementary Figure S5D) . Moreover, enchondromas were detected in 3/3 DKOs analyzed at this time point. Regions of the DKO growth plate that retained normal architecture still contained a higher percentage of BrdU-positive cells than the littermate controls. In contrast, the enchondromas typically lacked BrdU-positive cells, suggesting that they had ceased proliferation by this time point (Supplementary Figure S5E) . These tumors contained non-hypertrophic chondrocytes with dense nuclei, and there was little evidence of the Figure S5F) .
Taken together, these data show that the loss of Rb and p107 in early mesenchymal cells leads to the formation of enchondromas that arise from inappropriately proliferating growth plate chondrocytes between 4 and 8 weeks of age. Some of these cells retain a poorly differentiated phenotype, while others succeed in undergoing terminal differentiation between 8 weeks and 6 months of age. The acquisition of these hypertrophic chondrocytes, and the accumulation of abnormal cartilage matrix, seems to account for the increased tumor size at the later time point.
Mutation of E2f3a or E2f3b suppresses enchondroma formation in DKO animals Our data suggest that ectopic proliferation underlies both the developmental abnormalities and transformation of the DKO growth plates. Thus, we sought to address the role of E2F in these defects, particularly E2f1 and E2f3a, as these have been shown previously to influence cartilage development. 24, 25 Unfortunately, the E2f1 and p107 loci are closely linked, and our attempts to combine the E2f1 and p107 mutant alleles were unsuccessful. However, we were able to cross the E2f3a and E2f3b mutant strains into our model to yield Rb c/c ;p107
Because of the complexity of these crosses, and thus the rarity of the TKO animals, we focused our attention on assessing how E2f mutation affected the tumor phenotype. For these studies, we generated intermediate mutant genotypes, and conducted crosses that yielded TKO or DKO animals at reasonable frequencies (1 in 8 or 1 in 16) .
Initially, we compared long bone histology at 4 weeks of age. At this time point, TKO-a and TKO-b growth plates looked similar to DKO growth plates; that is, they were abnormally expanded and more proliferative than controls, as shown by BrdU staining (Supplementary Figures 6A and B) . By 8 weeks of age, however, the abnormal growth plate phenotype in the TKO-a and TKO-b animals was reduced compared with DKOs, and this was concomitant with a decrease in the number of BrdU-positive chondrocytes ( Supplementary Figures 6D and E) . Like the DKO at these time points, Collagen X staining was restricted to hypertrophic chondrocytes ( Supplementary Figures 6C and F) .
We then examined 6-month-old animals for the presence of enchondromas. Remarkably, these lesions were almost completely absent in the TKO-a (1/11 had chondrones) and TKO-b (1/6 had chondrones) animals, but were observed in 15/17 DKO and also 1/1 Rb c/c ;p107 À / À ;E2f3a þ / À ;Prx1-Cre and 9/10 Rb c/c ; p107 À / À ;E2f3b þ / À ;Prx1-Cre animals ( Figure 4a ; Table 3 ). The chondrocytes in the TKO-a and TKO-b growth plates appeared disorganized but still expressed collagen X in comparison with growth plates of control animals by histology and collagen X staining, respectively (Figures 4a and b) . These results strongly suggest that mutation of E2f3a or E2f3b ameliorates some of the proliferative defects caused by Rb and p107 loss. Enchondromas in these TKO animals either do not form at all or resolve themselves by 6 months of age. These results demonstrate that E2F3a and E2F3b have a key role in the formation of enchondromas resulting from pRB and p107 loss.
DISCUSSION
By mutating Rb in the early mesenchyme of p107
À / À embryos, we have uncovered a novel role for pRB in murine cartilage development. We found that in the absence of p107, loss of pRB causes significant growth plate abnormalities during embryonic development that persist throughout adulthood. Furthermore, loss of both pRB and p107 leads to increased chondrocyte proliferation resulting in growth plate expansion, disorganization and the development of enchondromas, a benign cartilage lesion. We show that these phenotypes are, at least in part, due to the deregulation of E2F3, and subsequent uncontrolled proliferation of growth plate chondrocytes.
Our data provide strong evidence that coordination of cell-cycle exit with differentiation by pRB acts as a mechanism of tumor suppression. This reinforces similar conclusions made from studies in other tissues. In the bone, Rb is required for proper osteoblast differentiation [28] [29] [30] while mutation of Rb and p53 in this tissue leads to osteosarcoma. 37, 38 Additionally, Rb is required in both mature hair cells and blood vessel endothelial cells to prevent uncoupling of proliferation and differentiation, which leads to significant tissue defects. 19, 39 Analogously, our work shows that Rb is also required for regulating hypertrophic differentiation in growth plate chondrocytes. Combined loss of Rb and p107 in chondrocyte precursors leads to ectopic proliferation of chondrocytes in the embryo that results in the pRB and p107 regulate cartilage development AS Landman et al development of benign tumors arising in the growth plate cartilage. Notably, these benign tumors completely ceased proliferation by 8 weeks of age. This explains the lack of progression to malignant disease. It also strongly suggests that the tumorigenic signal resulting from pRB/p107 loss is restrained sometime between 4 and 8 weeks of age. Normal growth plates are known to cease proliferation around this time, 36 but we also note that our histological analyses detect non-proliferative tumor tissue adjacent to proliferative normal tissue. Thus, we speculate that the observed suppression of tumor proliferation reflects a combination of normal developmental switches and tumorspecific events. These could include downregulation of mitogenic signals, upregulation of p130 or the pocket proteinindependent repressor E2Fs, E2F6, 7 and 8, and the activation of tumor-surveillance mechanisms such as senescence. Most importantly, we note that our tumors closely model human enchondromas, which are predominantly non-proliferative. 34, 35 Enchondroma is the most common benign neoplasm of the bone, and likely the precursor of chondrosarcoma. 35 Alterations in the Rb pathway, such as mutation and loss of heterozygosity of RB1 or alterations in the expression of upstream pRB regulators p16, CYCLIN D1 or CDK4, are observed in human cartilage tumors. 35, [40] [41] [42] [43] This study shows that mutation of Rb and p107 in early mesenchymal precursor cells can yield enchondroma development. These results are consistent with the notion that cartilage tumors, including chondrosarcomas, may arise in a chondrocyte progenitor cell. Although the cell of origin of chondrosarcoma is uncertain, there is evidence to suggest it is a mesenchymal progenitor cell, or at least an undifferentiated chondrocyte precursor. 44 Indeed, the most frequently altered pathway in human enchondroma and chondrosarcoma formation is the Hedgehog signaling pathway, which is active in undifferentiated chondrocytes and required for growth plate differentiation. 36, 45, 46 The p16-CYCLIN D/CDK4-pRB pathway is strongly associated with cell-cycle control. Accordingly, our data suggest that the growth plate developmental abnormalities and the enchondroma formation stem from a failure to curtail proliferation at the appropriate stage of development. The E2F transcription factors E2F1 and E2F3 have been shown to act downstream of Rb mutation in many tissue types and their deletion rescues some tumor phenotypes caused by pocket protein loss. For example, mutation of E2f1 in Rb heterozygous mice extends lifespan and suppresses formation of pituitary and thyroid tumors. 47 E2f3-mutation extends lifespan and suppresses tumorigenesis in Rb þ / À mice in a similar manner. 16 Prior studies have linked E2F1 and E2F3 to growth plate development in the mouse. E2f1 overexpression inhibits hypertrophic chondrocyte differentiation resulting in shorter long bones. 24 Additionally, in E2f1 À / À ; E2f3a À / À embryos, the growth plate is disorganized and the chondrocytes are larger than normal. 25, 26 Our results show that in the context of Rb and p107 mutation, both E2f3a and E2f3b act as oncogenes to promote unscheduled proliferation in the cartilage growth plate and ultimately enchondroma formation. Given the observed upregulation of E2F-responsive mRNAs in DKO growth plate chondrocytes, it seems highly likely that both E2F3a and E2F3b act to promote E2F-target genes expression in this setting. By extension of this logic, we presume that loss of either E2F3 isoform is sufficient to lower the total level of E2F activity below the threshold required to trigger unscheduled cell division.
In summary, we have developed a mouse model of enchondroma that recapitulates the key features of the human disease. This model provides a platform to study the genetic factors important for proper long bone development, as well as the events that drive enchondroma progression to chondrosarcoma, open questions that warrant further study. 
MATERIALS AND METHODS
Animal maintenance
The generation of Rb c/c mice, p107 À / À mice, Prx1-Cre mice and Rosa26-LSL-LacZ mice has been described previously. 5, 20, 31, 48 All animal procedures followed protocols approved by MIT's Committee on Animal Care. All mice were maintained on a mixed background. Gestation was dated by detection of a vaginal plug. Mice were injected with 10 ml/g body weight of 5 mg/ml BrdU (Sigma, St Louis, MO, USA) in phosphate-buffered saline 2 h before tissue collection. Collected tissues were fixed in 10% formalin (adult) or 4% paraformaldehyde (embryonic) and embedded in paraffin. Adult tissues containing bone were decalcified in 0.46 M EDTA, 2.5% Ammonium Hydroxide, pH 7.2, for 2 weeks before paraffin embedding. Histological sections were cut at 5 mm.
Histological analyses
Adult tissues were stained for b-galactosidase activity as described. 49 Skeletal staining of embryos was conducted as previously described. 28 Alizarin Red S staining was performed by deparaffinizing and dehydrating in ethanol, rinsing briefly in distilled H 2 O, and staining in freshly made 2% Alizarin Red S (Sigma) in H 2 O (pH 4.2) for 5 min. Slides were dipped 20 times in acetone, 20 times in acetone:xylene (1:1), cleared in xylene and mounted. Immunohistochemistry for BrdU and collagen X was performed using mouse anti-BrdU (1:50; BD Biosciences, Franklin Lakes, NJ, USA) and mouse anti-Collagen X (1:20; Quartett (Berlin, Germany) clone ColX53) antibodies as described. 25 HRP-conjugated secondary antibodies were provided in the Vectastain ABC Kit Elite (Vector Labs, Burlingame, CA, USA), and antibody staining was visualized with DAB (Vector Labs). Immunohistochemistry for pRB was conducted using the UltraVision LP Detection System (Lab Vision Corporation, Thermo Fisher Scientific, Kalamazoo, MI, USA) with the primary antibody (G3-245; BD Biosciences) at a concentration of 1:100. All quantification was performed using ImageJ software (NIH, RSB, Bethesda, MD, USA). All statistical analysis was performed using the two-tailed t-test.
Micro-computerized tomography
Analysis of 3D bone structure was performed as described in Glatt et al.
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3D image data were collected from euthanized animals using a GE Healthcare Micro-CT machine (GE Healthcare, London, ON, Canada) and analyzed using the Microview 2.2 software from GE Healthcare.
Isolation of primary chondrocytes
Chondrocytes were isolated by modification of a prior procedure. 51 e18.5 embryos were euthanized and sternums removed and rinsed in 1% fetal bovine serum/phosphate-buffered saline. Sternums were subjected to a series of digestions at 37 1C with vigorous rocking: 2 mg/ml pronase (Roche Applied Science, Indianapolis, IN, USA) in phosphate-buffered saline for 30 min, then 3 mg/ml Collagenase D (Roche) in 10% fetal bovine serum in Dulbecco's Modified Eagle's Medium for 1 h, then fresh 3 mg/ml Collagenase D for an additional 4-6 h until the cartilage regions were released from the ossified nodules. The cell preparation was filtered through a 70-mm cell strainer, washed and collected for mRNA analysis.
Quantitative real-time PCR RNA was isolated from embryonic sternum chondrocytes using the Qiagen (Valencia, CA, USA) RNeasy kit. First-strand cDNA synthesis was performed using 0.5-1 mg RNA and Superscript III Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA). Quantitative RT-PCR with 50-100 ng cDNA was performed using SYBR Green (Applied Biosystems, Carlsbad, CA, USA) using Ubiquitin as an internal control. Reactions were run on the ABI Prism 7000 Sequence Detection System (Applied Biosystems) and analyzed using the 7000 SDS software (Applied Biosystems). Primers are listed in Supplementary Table 1. 
